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Abstract
Streptococcus pneumoniae is an important human pathogen associated with pneumo-
nia, septicaemia, meningitis and otitis media. It is estimated to result in over 3 million
child deaths worldwide every year and an even greater number of deaths among the
elderly. Prior to the complete sequencing of the genomes of S. pneumoniae TIGR4
(serotype 4) and S. pneumoniae R6 (serotype 2), we designed a custom miniarray
consisting of 497 pneumococcal genes. The overall objectives of our microarray inves-
tigations were, ﬁrst, to assess the genetic diversity between different S. pneumoniae
serotypes, clinical isolates and also different Streptococcus species; second, we aimed
to use microarray technology to examine the mechanisms by which environmental
factors inﬂuence pneumococcal gene expression, and ultimately to further the under-
standing of how these changes in gene expression are achieved and how they may
alter the virulence of the organism. Copyright  2002 John Wiley & Sons, Ltd.
Keywords: Streptococcus pneumoniae; microarrays; genetic diversity; environmen-
tal stimuli; transcriptional proﬁles
Introduction
Streptococcus pneumoniae is a Gram-positive coc-
cus belonging to the genus Streptococcus, which
also includes the oral streptococci S. oralis and S.
mitis [10]. These bacteria live in close proximity
in the oral cavity of their animal hosts and the nat-
ural transformability of these bacteria has allowed
genetic exchange to occur between these different
streptococcal species [1]. S. pneumoniae,a sw e l la s
being the major cause of acute bacterial pneumonia
and otitis media worldwide, can also exist as a com-
mensal and is known to colonize the upper respira-
tory tract of up to 40% of humans. To date, as many
as 90 distinct capsular serotypes of S. pneumo-
niae have been identiﬁed and studies have revealed
that certain serotypes are more virulent than oth-
ers, both in humans and also in a mouse model
of infection. Many bacterial factors, including cap-
sule, pneumolysin, autolysin, hyaluronidase and
neuraminidase, have been shown to be important
for the virulence of the pneumococci [5]. However,
a complete understanding of the mechanisms that
enable the pneumococci to exist either as a com-
mensal organism, or to cause fatal disease, requires
further investigation.
Comparative genomics of Streptococcus
Prior to the complete sequence release and anno-
tation of the genomes of S. pneumoniae TIGR4
(serotype 4) by TIGR [9] and S. pneumoniae R6
(serotype 2) by Eli Lilly [4] we initiated a project to
develop a custom DNA miniarray. This array rep-
resented 497 pneumococcal genes. The genes were
selected based on their known or putative associa-
tion with virulence and/or their surface association.
Primers were designed using the partial sequences
available at the time for S. pneumoniae TIGR4 and
PCR amplicons for the 497 genes were generated.
We initially set out to use our 497 gene miniar-
ray to compare S. pneumoniae TIGR4 (serotype 4)
with two strains used routinely in our laboratory,
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R6 (non-capsulated serotype 2 derivative) and D39
(serotype 2). Other investigators have since car-
ried out comparative genomic studies of these
strains [3,7,9] and the results we obtained with our
miniarray were in agreement with these latter stud-
ies. We identiﬁed a number of genes in TIGR4
which did not hybridize with any in R6 or D39 and
these localized to one of the nine gene clusters pre-
viously shown to contain differences between these
strains [3,9]. These genes included those involved
in capsule biosynthesis, an IgA1 protease and puta-
tive sortases.
In addition to comparative genomic analysis
within the pneumococcus, we also performed pre-
liminary interspecies genomic comparisons. The
genetic relationships between different species have
been examined previously [3,10]. Our prelimi-
nary ﬁndings, together with these previous stud-
ies, demonstrated that horizontal gene transfer
occurs between the species. Whatmore et al. [10]
had previously demonstrated the occurrence of
ply and lytA in a number of S. mitis isolates,
which were isolated from disease cases. Analy-
sis of these ‘atypical’ S. mitis isolates using the
miniarray demonstrated that in addition to pos-
sessing the lytA and ply genes, they also con-
tained a number of other virulence-associated
genes. Further genomic comparisons, both intra-
and interspecies, will provide further insight into
the frequency of genetic exchange within the genus
Streptococcus.
Gene expression analysis of
S. pneumoniae
The use of microarrays for analysing bacterial
gene expression allows exploration of genome-
wide expression, as opposed to conventional tech-
niques which would allow analysis of a limited
number of transcripts. Using our 497 gene custom
miniarray, we aimed to analyse the transcriptional
proﬁles of S. pneumoniae grown under different
conditions in vitro and ultimately examine the
expression proﬁles of organisms isolated from an
in vivo environment. Our main objective was to
further our understanding of the mechanisms used
by Pneumococcus to alter its gene expression. Pre-
vious investigations have utilized microarrays to
study the competence regulon of S. pneumoniae [8]
and also have led to the identiﬁcation of a novel
regulon which is controlled by a small molecular
weight peptide [2]. In our investigations, we have
constructed a number of mutations in pneumococ-
cal response regulator proteins. We aimed to use the
miniarray to compare expression proﬁles of wild-
type and mutant isolates, and ultimately determine
which genes might be under the control of these
regulator proteins. Preliminary results analysing a
pnpR mutant [6] demonstrated a number of dif-
ferences; however, conﬁrmation of these results is
still under way.
Construction and use of the pneumococcal mini-
array has enabled us to make progress in both
the comparative genomics of this organism and
expression proﬁle analysis. However, with the
release of the complete genomes of S. pneumoniae
TIGR4 and R6, work is now under way to construct
a composite DNA array that will represent the
full TIGR4 transcriptome and also additional genes
present in R6 but not TIGR4.
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